Abstract There is a lack of understanding of the casual mechanisms behind the observation that some breast adenocarcinomas have identical morphology and comparatively different cellular growth behavior. This is exemplified by a differential response to radiation, chemotherapy, and other biological intervention therapies. Elevated concentrations of the free radical nitric oxide (NO), coupled with the upregulated enzyme nitric oxide synthase (NOS) which produces NO, are activities which impact tumor growth. Previously, we adapted four human breast cancer cell lines: BT-20, Hs578T, T-47D, and MCF-7 to elevated concentrations of nitric oxide (or high NO [HNO]). This was accomplished by exposing the cell lines to increasing levels of an NO donor over time. Significantly, the HNO cell lines grew faster than did each respective ("PARENT") cell line even in the absence of NO donor-supplemented media. This was evident despite each "parent" being morphologically equivalent to the HNO adapted cell line. Herein, we characterize the HNO cells and their biological attributes against those of the parent cells. Pairs of HNO/parent cell lines were then analyzed using a number of key cellular activity criteria including: cell cycle distribution, DNA ploidy, response to DNA damage, UV radiation response, X-ray radiation response, and the expression of significant cellular enzymes. Other key enzyme activities studied were NOS, p53, and glutathione S-transferase-pi (GST-pi) expression. HNO cells were typified by a far more aggressive pattern of growth and resistance to various treatments than the corresponding parent cells. This was evidenced by a higher S-phase percentage, variable radioresistance, and up-regulated GST-pi and p53. Taken collectively, this data provides evidence that cancer cells subjected to HNO concentrations become resistant to free radicals such as NO via up-regulated cellular defense mechanisms, including p53 and GST-pi. The
Introduction
The treatment regimes most often offered to patients for breast cancer include surgery, radiation therapy, chemotherapy, and biologicals (monoclonal antibodies). Breast cancer ranks second among leading causes of cancer deaths for women in the US, with about 230,000 new cases and over 39,500 deaths estimated for 2011 [1] . Worldwide, cancer arising in the breast is the predominant form of the neoplastic disease among women, with 1.38 million cases diagnosed and 458,400 deaths during 2008 [2] . Regardless of how patients present (e.g., with varying degrees of tumor size, stage, histological grade, and hormone receptor status), there is a broad array of disease outcomes from these morphologically identical tumors. It has been proposed that these varying outcomes are the result of variations in the tumor microenvironment [3] [4] [5] . The tumor microenvironment may further cause genetic alterations that affect tumor evolution and growth patterns, which ultimately impacts responses to therapeutic regimes and altering outcomes [3] .
The free radical nitric oxide (NO) is thought to be an important element in this tumor microenvironment. It is well known that there is a varying concentration of NO in tumors [6] . At lower concentrations, it is beneficial being antiinflammatory and having a tumor suppressive function. At high levels, however, it can become mutagenic and lead to tumor formation [6, 7] . NO, when produced by nitric oxide synthesis (NOS) in low concentrations, can be a highly effective hypoxic radiosensitizer; it has been shown to inhibit damage to DNA caused by radiation [8] . Significantly increased levels of NO and elevated expression of NOS, however, is associated with tumor formation. Whether antagonistic or beneficial, the role NO plays in any particular microenvironment is a dichotomy and dependent upon the concentration level present.
Three enzymatic isoforms of NOS are known to exist: inducible (iNOS), endothelial (eNOS), and neural (nNOS) [9] . In prior work, our laboratory explored expression levels of NOS and nitrotyrosine in various carcinomas [9] [10] [11] [12] . Work by other reserachers has demonstrated that NO is overexpressed in multiple cancer types [13] [14] [15] [16] [17] [18] [19] . In vitro studies have alluded to there being NO concentration levels, which when reached, result in phenotypic changes in tumors [20] .
Concurrent in vivo work also supports the premise that NO is involved in tumor formation. NO is produced by various iso-enzymes of NOS, and as NOS expression increases, so do other NO related metabolic constitutions such as nitrotryosine. These NO byproducts appear in a variety of human tumors including breast cancer [3, 9, 10, 16, 18, 19, 21] , and in tumor-infiltrating macrophages, endothelial cells, and/or tumor cells [22, 23] . By example, in a large (n0161) study of breast tumors, 61 % were found to express iNOS, and within that group, iNOS up-regulation was a marker for tumor progression. A subgroup within the iNOS-expressing tumors demonstrated a positive correlation between lymph node status and tumor size. Importantly, for those breast cancer patients found testing positive, versus negative, for iNOS, there was a statistically significant difference in 5-year survival outcomes: 67.1 % for those positive and 84.8 % testing negative [24] .
The role of NO in tumor growth and development is not completely understood. To further clarify NO behavior patterns we created a model cell line system within our laboratory using a variety of breast cancer cell lines that were adapted to NO. These cells were gradually adapted to high concentrations of NO over a prolonged period of months [7] . Two significant results were observed: (1) the original "parent" cell lines adapted to the high nitric oxide (HNO), and (2) the resultant HNO adapted cell lines grew faster and more aggressively than did each respective "parent" cell line. This was found to be the case even when the HNO cells were later grown in media not augmented with a free radical donor (NO). The current study reported herein compares and characterizes four human breast adenocarcinoma cell lines by examining their biological behavior profiles and underlying physiological states. It creates a venue to analyze cellular response to variations in concentration of free radicals such as NO, with an expectation of a more complete comprehension of the relationship between cellular mechanisms, tumor growth and development, and therapeutic outcome.
Experimental procedures

Cell lines and cell adaptation
Four human breast adenocarcinoma cell lines were used for this study: Hs578T, BT-20, MCF-7, and T-47D. The Hs578T cell line was obtained from Abbott Laboratories (Abbott Park, IL, USA). All other cell lines were acquired from American Type Culture Collection (Manassas, Virginia, USA). T-47D was grown in RPMI-1640 media. MCF-7 and BT-20 were each grown in MEM media. Hs578T was grown in DMEM media (Invitrogen, Carlsbad, CA).
These four cell lines have previously been reported on by our group as to how they were adapted to grow in comparatively high levels of NO [7] . To summarize, the cell adaptation process was conducted over a period of time by exposing parent cell lines to an NO donor, (Z)-1-[2-(2-aminoethyl)-N-(2-amminoethyl) amino] diazen-1-ium-1,2-diolate (DETA-NONOate) (Sigma Life Sciences, St. Louis, MO, USA), at an initial 50 μM concentration. This was increased in increments of 25 μM up to a point which was lethal to each parent cell line (a concentration of 600 μM). The newly adapted HNO cell lines were designated as BT-20-HNO, Hs578T-HNO, MCF-7-HNO, and T-47D-HNO, respectively. Each media type was augmented with 10 % fetal calf serum (which was inactivated at 56°C for 30 min), 100 μg/ml streptomycin, 2 mML-glutamine, a 2.5 μg/ml Amphotericin B solution, and 100 U/ml penicillin. In addition, the MEM media was supplemented with 1 mM sodium pyruvate and 100 mM MEM nonessential amino acids (CellGro, Inc., Manassas, VA, USA). All cell lines were maintained in a humidified incubator at 37°C and a 5 % CO 2 concentration.
Fluorescence-activated cell sorting (FACS) analysis
Parent and HNO cell line samples were collected and preserved in ice-cold 70 % ethanol in preparation for FACS analysis. The suspension of cells was washed with phosphate buffered saline (PBS) two times and then suspended in 50 μl of a 100 μg/ml ribonuclease solution (SigmaAldrich Corp., St. Louis, MO, USA) in PBS for 5 min, followed by 200 μl of a 50 μg/ml solution of propidium iodide in PBS. This solution was added to each cell line. A cell cycle profile was created for each cell line using an EPICS Elite ESP flow cytometer/cell sorter (Beckman Coulter Inc., Fullerton, CA, USA), and excitation was accomplished through use of a 15 mW air-cooled 488 nm argon ion laser. The propidium iodide emission (λ max 0620 nm) was then captured with the use of a 610-nm long-pass filter. Two independent trials were run for each cell line, and 20,000-50,000 cells were analyzed for each experiment for each cell line. The mean was recorded for each trial; results from a representative trial are reported in the Results section.
Immunoblotting of cell line samples
Western blots were run to determine levels of expression for iNOS, eNOS, p53, and GST-pi in parent and respective HNO cell lines for BT-20, Hs578T, MCF-7, and T-47D. Cellular disruption was accomplished with a 1× sodium dodecyl sulfate (SDS) buffer solution (62.5 mM Tris-HCl, pH 6.8, 2 % SDS, 10 % glycerol, 50 mM DTT and 0.01 % bromophenol blue). SDS-polyacrylamide gel electrophoresis was used for separation of proteins, which were then transferred onto a nitrocellulose membrane. Nonspecific binding was prevented by blocking with 5 % nonfat dry milk in tris-buffered saline with tween (TBST; 10 mM TrisCl, pH 7.5, 0.15 M NaCl, and 0.05 % Tween 20) kept overnight at 4°C, and the membranes were then incubated with anti-p53 antibody (Thermo Fisher Scientific Inc., Waltham, MA, USA; Catalog #P53 ab-8), anti-iNOS antibody (Abcam Inc., Cambridge, MA, USA; Catalog #ab3523), anti-eNOS antibody (Cell Signaling Technology, Inc., Danvers, MA; Catalog# 9572), or anti-GSTpi antibody (Thermo Fisher Scientific Inc.; Catalog #RB-050-A1) in TBST containing 5 % nonfat dry milk for 2 h at 22°C. The membranes were then washed with TBST and incubated, alternately with horseradish peroxidase-conjugated goat anti-mouse secondary antibody, or horseradish peroxidaseconjugated goat anti-rabbit secondary antibody for 1 h. After washing the membranes, protein bands were visualized using enhanced chemiluminescent substrate (Thermo Fisher Scientific Inc.; SuperSignal West Pico Chemiluminescent Substrate). The blot was exposed to X-ray film for various time periods, and subsequently the film was developed. An earlier method [25] was used to record the protein band densities in Adobe Photoshop V7.0 (Adobe Systems Inc., San Jose, CA, USA). β-Actin was then used as a comparative control, and the expression level was normalized against it. Each experiment was repeated in triplicate, and data are presented as the average expression level ± standard error (SE), with error bars representing variations of less than 5 %. The densities of individual bands were added together in cell lines where multiple bands were observed for an antibody. It is also of note that both the mutant and wild-type forms of p53 interact with the anti-p53 antibody used in this study.
X-ray radiation exposure growth assays An intensity-modulated radiation therapy (IMRT) treatment plan was designed for both HNO and parent cell lines consisting of differing doses of radiation ranging from 0 to 28 Gy. Cells placed into 96-well microtiter plates (100 μl/ well) in the appropriate media (e.g., standard media for parent cells; media supplemented with 600 μM DETANONOate for HNO cells), and upon reaching~50 % confluency, the cells were irradiated. Three hours before exposure to the radiation, an additional 150 μl of media was added to each well, bringing the total volume per well to 250 μl.
A computed tomography scan (PQ5000; Philips Medical Systems Inc., Andover, MA, USA) was conducted on the microtiter plates placed into a specially designed phantom able to hold tissue culture plates [26] . An IMRT treatment plan, consisting of two~235-cm 3 cuboidal planning target volumes (PTVs), was created using an Eclipse treatment planning system (Varian Corp., Palo Alto, CA, USA). The PTVs were located at either end of the plate. Each remaining plate area was divided into four rows of parent cells and four rows of the respective HNO cells. The phantom was placed on the patient treatment table and irradiated at 1, 2, 5, 10, 14, or 28 Gy using 6 MV photons delivered by a clinical linear accelerator (2100CD; Varian Corp). A total of six, equally spaced beam angles were used (52°), ranging from 28°to 336°. Each plate then received two paired doses generated as consistently as permissible. The paired dosage strengths varied: 1 and 2 Gy, 5 and 10 Gy, or 14 and 28 Gy. A fixed ratio of 2:1 was maintained between the PTVs. The duration of the experiment was about 60 min, which included a complete trip to and from the IMRT facility. An additional control plate was created and brought to the IMRT facility, but was not exposed to radiation. After exposure to the radiation, the plates were placed in an incubator for another 96 h at 37°C.
Cell viability was determined using the diphenylamine (DPA) assay, which colorimetrically measures the quantity of DNA within cells [27] . The reagents for the DPA assay were obtained from Sigma-Aldrich. After the 96-h incubation period the media was removed from all wells. A 1:5 mixture of chilled acetaldehyde (0.16 % in water)/perchloric acid (20 % vol/vol) was added to the cells (60 μl), followed by a 4 % DPA solution in glacial acetic acid (100 μl). After incubating for 24 h at 37°C, the absorbance of each well was measured with a spectrophotometer (SpectraMax® Plus 384; Molecular Devices, Inc., Sunnyvale, CA, USA) and read at 595 nm. At least two independent trials were conducted for each of the cell lines, and a minimum of eight replicate microtiter wells were tested for each dose. Each trial was normalized against the mean absorbance readings of the untreated control cells. A representative trial is presented in the Results section; values are presented as the mean normalized absorbance±SE of the mean (SEM).
Ultraviolet (UV) exposure growth assays
Both UV and X-ray radiation are well recognized to cause damage to DNA. Appropriate media types were placed into 96-well microtiter plates (i.e., standard media for parent cells; media supplemented with 600 μM DETA-NONOate for HNO cells) which were then seeded (50 μl) with the respective parent and HNO cells. The plates were incubated overnight in a CO 2 incubator and allowed to reach~70 % confluency. The cells were exposed to a UV germicidal light (254 nm, 13.4 W UV output; plate positioned~51 cm from light source) for 0, 2, 4, 6, 8, or 10 min in a sterile biological hood. The lid of the microtiter plate was removed to provide complete irradiation of the cells. After the UV exposure cycle was completed, 100 μl of fresh media was added to each well, bringing the total volume in each well to 150 μl. The plates were incubated for an additional 72 h at 37°C.
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay was used to measure cell proliferation/ viability. The MTT assay was completed by removing the media from all wells and adding 100 μl of 2 mg/ml MTT (Sigma-Aldrich Corp.) in PBS to each well, which was then allowed to incubate for 5 h at 37°C. The MTT was removed from all cells, leaving purple formazan crystals, which were then dissolved in 100 μl of DMSO. The absorbance of each well was read with a spectrophotometer at 540 nm (SpectraMax® Plus 384; Molecular Devices, Inc.). A minimum of three independent trials were carried out for each cell line; a minimum of eight replicate wells were established for each experimental condition, per cell line. Data was normalized against the mean absorbance readings of the untreated control cells. A representative trial is presented in the Results section; values are presented as the mean normalized absorbance±SEM.
Single cell gel electrophoresis (CometAssay™) DNA damage taking place in both the parent and HNO cell lines was measured with the use of a CometAssay™ kit (Trevigen, Inc., Gaithersburg, MD, USA). Cell lines were grown as before using standard media for parent cells, and media supplemented with 600 μM DETA-NONOate for HNO cells. All cells were harvested and then counted with the use of a hemocytometer, adjusted to a total concentration of 1×10 5 cells/ml. Cells were resuspended in PBS and then immediately mixed in 10-μl aliquots of the cell suspension and combined with 100 μl of 1 % low melting point agarose (Sigma-Aldrich) at 37°C. The solution was dispensed (75 μl) onto a CometSlide™ and then placed in cold lysing buffer (2.5 mM NaCl, 100 mM Na 2 EDTA, 10 mM Tris, 1 %N-lauryl sarcosine sodium salt, pH 10) and kept at 4°C for 1 h. It was rinsed carefully with tris-borate buffer (10.8 g Tris, 5.5 g boric acid, and 0.93 g Na 2 EDTA in 1 l dH 2 O) twice and placed on a horizontal gel electrophoresis platform covered in tris-borate buffer. Slides were exposed to 13 V for 10 min, then quickly immersed into 70 % ethanol, removed, and allowed to air-dry. Using 100 μl of a silver staining solution, the slides were then fixed, stained and cover-slipped. The resulting Comet tails were viewed using a Reichert Microstar IV microscope (Reichert, Inc., Depew, NY, USA) at 400X, and images were captured with the Dazzle Multimedia software package (Pinnacle Systems, Inc., Mountain View, CA, USA). The distance from the center of the cell nucleus to the tip of the tail was used to measure the tail lengths in pixel units. One independent trial was conducted, and a minimum of 19 Comet tails were measured for each slide. Values are reported as the mean Comet tail length±SEM.
Gene Chip analysis
A comparative analysis was conducted on all four parent and HNO cell line pairs using a "QuantArray 3.0" (Perkin-Elmer, Boston, MA) system. All of the data was collected and analyzed using a R 2.9 Windows compatible platform, and the statistical analytic package "Limma 2.16" [28] was used to assess gene expression levels. Background correction was conducted consistent with other efforts [29] in which the "Normexp" background correction methodology was used, with an "Offset" threshold value of 50. Background correction was performed with weights of control spots positioned at 0. Normalization was realized by using "loess" and "scale" methods of "Normalize Within Arrays" and "Normalize Between Arrays" for within array and between array methodologies, respectively. Details of the procedures used herein may be found in [30] . "QuantArray" was used to control quality levels, and only those spots found acceptable by the software were included for signal transformations. Finally, normalized signals were used to determine the importance of differentiated expression levels with the use of linear modeling systems through "lmFit" and Bayes statistics achieved with the use of "eBayes," "topTable," as previously reported [31] .
Results
A number of comparative experiments were conducted to characterize and determine the biological properties of the original parent cell lines and each respective adapted HNO cell line.
Cell cycle distribution profiles for both parent and HNO cell lines were determined using FACS analysis of propidium iodide stained cells (Table 1) . Results for each parent/HNO cell line pair show the parent cell line exhibited a higher percentage of cells in the G1 phase, with the HNO cell line having a greater percentage in the S phase. For the four cell line pairs analyzed, no aneuploidy or aneuploidy modifications were found between the parent/HNO cell lines.
Western blot analysis was used to determine the expression level of p53 for each of the parent/HNO cell line pairs (Fig. 1) . The results demonstrated significant up-regulation for the adapted HNO cell lines versus parent cell lines in the BT-20-HNO and Hs578T-HNO (approximately 3-fold and 5-fold increases, respectively). High expression levels were observed in both the MCF-7-HNO cell line and the parent MCF-7 cells; T-47D-HNO and T-47D parent cells exhibited significantly lower levels of expression.
Comparative cell line survivability against exposure to X-ray and UV radiation of parent versus HNO cell lines was done using growth curve assays. Results from treatment with X-ray radiation (Fig. 2) indicate that Hs578T-HNO cells exhibited greater viability than did the respective parent cells at the higher doses tested. Little to no difference was observed between parent and HNO cell line pairs for the other three cell lines pairs (MCF-7, BT-20, and T-47D). Results of the UV radiation studies (Fig. 3) indicate that all four cell line pairs showed responses to UV radiation exposure, with responses being particularly sensitive to exposure duration; typically, the more lengthy the exposure period, the greater the toxicity level.
The degree of damage to DNA from exposure to HNO levels in the four parent/HNO cell line pairs was determined through use of single cell gel electrophoresis, or CometAssay™, and compared to the respective parent cell lines. Results appear in Fig. 4 and demonstrate that Hs578T-HNO had significantly shorter Comet tails than the parent cell line. The other cell lines showed little difference between the cell line pairs.
Expression of the two isoenzymes iNOS and eNOS were determined through Western blot analysis. Results appear in Figs. 5 and 6. The results indicate that iNOS is highly elevated in both the BT-20-HNO and Hs578T-HNO cell lines as compared to each respective parent cell line, but Data are presented as the mean number of cells detected in each cell cycle phase for a representative trial. decreased in MCF-7-HNO and T-47D-HNO as compared to their respective parent cell lines (Fig. 5 ). Both the BT-20-HNO and MCF-7-HNO cell lines were found to have increased expression of eNOS, while Hs578T-HNO and T-47D-HNO had decreased expression when compared to their corresponding parent cell lines (Fig. 6) . The free radical protective mechanism provided by glutathione-S-transferase-pi (GST-pi) expression was determined via Western blot analysis. The results appear in Fig. 7 and demonstrated GST-pi was elevated in both Hs578T-HNO and MCF-7-HNO, relative to their parent cell lines. BT-20 had significant expression in both the parent and the HNO cell lines, while T-47D had little expression in both the parent and HNO cell lines.
Gene chip analysis on the four breast cancer cell line pairs showed a wide range of gene types being upregulated and down-regulated. Table 2 lists the top ten and bottom ten genes that were most up-regulated or downregulated for each of the four breast cancer call line pairs. settings [32] [33] [34] [35] [36] [37] [38] [39] . It has also been shown that the cytotoxic impact of radiation is significantly increased through upregulated NOS in tumor cells [34] . However, a dichotomy exists between enhanced radiosensitization and conditions where elevated levels of NO and up-regulated NOS are contributors to tumor progression. The relationship between NOS expression and tumor growth is evident in the literature from studies with a variety of cancer types including: (1) human oral squamous cell carcinoma [10, 40] , (2) gastric carcinoma [41] , (3) lymph node metastases, and most significantly for this current work, (4) breast cancer, to a point that it is a universal property for human solid tumors [7, [15] [16] [17] [42] [43] [44] [45] .
As indicated in our prior works, a number of tumor cell lines have been adapted to HNO concentration levels including those from lung [11, [46] [47] [48] , head and neck [3, [49] [50] [51] [52] , and breast [7] , suggesting that NO adaptation is also a universal property. In an attempt to further elucidate the impact of extended exposure from NO on underlying biological systems, we herein characterize the four newly The ten most up-regulated appear first and the ten most down-regulated appear below within each cell line type NA not available a Gene symbols used vary according to the supplier of the gene chip created breast adenocarcinoma HNO cell lines [7] , along with each respective parent cell line. In the harsh NO environment, all four rapidly proliferating HNO cell lines exhibited a greater percentage of cells in the S-phase of the cell cycle than their corresponding parent cell lines (Table 1) . This result, together with the previously reported faster growth rates of the HNO cells relative to the parent cells [7] , suggests the HNO cells are programmed for a more proliferative state than their corresponding parent cells. This finding correlates with the previously reported MTT growth curves which showed that the HNO adapted cells grow faster than the parent cell lines [7] .
While cell cycle distribution was relatively consistent across the four HNO cell lines, p53 expression ( Fig. 1) was not: there was a significant increase in BT-20-HNO and Hs578T-HNO compared to their respective parent cell lines. While p53 was detected in MCF-7 parent/MCF-7-HNO and T-47D parent/T-47D-HNO cells, slightly higher expression levels were observed in the parent MCF-7 and T-47D cells suggesting that a p53-independent adaptation process was utilized in MCF-7 and T-47D. In contrast, the lack of p53 expression observed in the BT-20 and Hs578T parent cells, combined with the elevated levels of p53 detected in the BT-20-HNO and Hs578T-HNO cells, suggests that the p53 pathway may be involved in the HNO adaptation of BT-20 and Hs578T.
Both X-ray and UV radiation are energy sources known to induce DNA damage. It is well known that X-ray radiation reacts with water in the body to produce free radicals that can in turn cause DNA damage, while UV photons can react directly with DNA, generating potentially toxic photoproducts (Thymidine -Thymidine dimers) that interfere with DNA replication. In all four of the breast tumor cell line pairs studied herein, the adapted HNO lines were more resistant to UV irradiation than its corresponding parent cell line at longer exposure times (Fig. 3) . While Hs578T-HNO was comparably radioresistant relative to its corresponding parent cell line (Fig. 2) , the other HNO adapted cell lines tested all had little or no resistance to radiation when compared to the respective parent cell lines.
The Comet assays (Fig. 4) indicate that for Hs578T a greater amount of DNA damage was present in the parent cell lines relative to the HNO cell line. The other three cell lines showed no appreciable differences between the parent and the HNO adapted cell lines. The X-ray, UV, and Comet assay results of the Hs578T-HNO cell line, along with the loss of p53 (a known activator of DNA repair enzymes) expression observed between the Hs578T parent and HNO cell lines, indicate an up-regulation of p53, and possibly other DNA repair enzymes as well, occurred during the adaptation of the Hs578T cell line. Similar up-regulation of p53 was observed in the BT-20-HNO cells, suggesting this enzyme was also involved in the adaptation of the BT-20 cells. In contrast, while both MCF-7-HNO and T-47D-HNO cells had p53 expression, it was not up-regulated when compared to their parent cell lines. This finding suggests that perhaps other DNA repair enzymes not studied herein were responsible for the cell survival during the adaptation process.
In addition to the DNA repair enzymes, cancer cells are also known to utilize GST-pi as a universal free radical protective mechanism. We have previously shown that together with the expression of eNOS, the expression of GSTpi also increases as carcinogenesis progresses in head and neck squamous cell carcinomas [3, 53] . The expression/ amplification of GST-pi has been linked to chemotherapy resistance [54] and to decreased survival after neoadjuvant treatment [55] , which at first may seem counterintuitive until one factors in that many chemotherapeutic agents work through free radicals. The GST-pi isoform in particular has been found to prevent cellular damage by detoxifying and eliminating electrophilic and redox molecular species generated during oxidative stress [56] . In this study we found that GST-pi was expressed in three of the breast cancer cell lines studied, and that the HNO derived cells for these three cell lines expressed more GST-pi than their respective parent cell line (Fig. 5) . We also found that the expression of iNOS, rather than eNOS, was high in these tumors. Both of these results are consistent with previously reported studies of GST-pi [57] and NOS [21] expression in tongue tumor carcinomas. These data support the idea that tumor cells, regardless of the site of origin, are capable of producing NO by using either of the NOS isoenzymes. Regardless of the isoform, GST-pi and various DNA repair mechanisms are up-regulated in response to the increase free radicals encountered in the microenvironment. It is yet to be determined which of the DNA repair systems predict which patients will have a particular outcome. This line of investigation would merit further study.
The gene chip analysis of the parent and HNO adapted cells show a wide array of gene products being up-or downregulated, in response to being adapted to NO. Surprisingly, there was no clear pattern across the cell lines based solely on the genes that had expression level changes. This lack of uniformity suggests that there are multiple ways to modulate the cellular machinery to compensate for the adaptive pressures of increased NO.
In this study, we set out to provide an initial survey of the cellular and molecular makeup of four breast cancer cell lines that had been adapted to HNO. In the two accompanying papers [58, 59] we further assess the biology of HNO adapted cells as they relate to both clinical specimens with respect to mitochondrial mutations and how these findings related to the BT-20 parent/BT-20-HNO cell line model reported herein. Clearly, there is still a comparatively large amount of work that needs to be done to fully understand the mechanisms of how cells adapt to increasing NO. Unlocking these mechanisms will lead to new treatment approaches for not only breast cancers, but also many other solid tumors.
